Summary. The effects of tolbutamide on insulin release, 45Ca2+ uptake and 86Rb+ efflux were studied in isolated rat islets. At a low glucose concentration (75 mg/dl), tolbutamide (20-500 ~tg/ml) produced a rapid, dose-dependent increase in insulin release from perifused islets. After 30-40 min however, the rate of secretion as well as the potentiating effect of theophylline were inversely related to the concentration of sulphonylurea. The monophasic release of insulin triggered by tolbutamide (100 ,ug/ml) at low glucose could be evoked again by removing and reintroducing the drug, or by temporarily withdrawing calcium or adding cobalt to the medium. Tolbutamide (20 ,ug/ml) accelerated and potentiated the biphasic insulin release in response to a secondary stimulation by glucose (150mg/dl). By contrast, 100 gg/ml tolbutamide reduced the releasing effect of glucose to a slow increase in secretion rates. Theophylline normalized the second phase of release, but did not restore the rapid phase. Tolbutamide stimulated 45Ca 2+ influx (2 rain-uptake) in islet cells; this effect was maximum immediately after addition of the drug and decreased later on, exhibiting a monophasic pattern. Glucose stimulation of Ca 2+ uptake (5 min) was reduced in the presence of 100 ~g/ml tolbutamide. At a low glucose concentration, tolbutamide reversibly reduced 86Rb+ efflux (tracer of K +) from islet cells, without altering the further inhibition of this efflux by a later glucose increase. It is suggested that tolbutamide depolarizes B cells partially by reducing their K § permeability. This depolarization leads to opening of voltagedependent calcium channels and the resulting Ca 2 § influx triggers insulin release. The important and maintained depolarization by high concentrations of tolbutamide may secondarily inactivate these channels and cause a decrease in Ca 2+ influx. This could explain the monophasic release of insulin and the refractoriness of B cells to subsequent glucose stimulation.
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Sulphonylureas have been used for more than twenty years to treat diabetic patients, but, despite intensive investigation, the mechanisms by which they decrease blood glucose levels are not completely understood. The role of the pancreas in the hypoglycaemic action of sulphonylureas has been established by the pioneer work of Loubati6res [1] and was confirmed by the demonstration that these drugs stimulate insulin release in man [2] and animals [3] by a direct effect on B cells demonstrated in vitro [4] . This insulinotropic action of acute administration of sulphonylureas has since been extensively studied; its characteristics and possible mechanisms have been the subject of several reviews [5] [6] [7] [8] . Many clinical investigations have failed, however, to show a correlation between the lowering of blood glucose and an increase in plasma insulin levels after chronic treatment with sulphonylureas [9] [10] [11] . These latter observations have been related to unexplained reports showing that after long-term treatment of animals with sulphonylureas, the in vivo and in vitro insulin response to glucose was reduced [12] [13] [14] [15] .
The present study carried out with isolated rat islets, was designed to explore in detail the mechanisms underlying the secretory and related ionic changes produced in B cells by tolbutamide. 
Methods

Animals and Solutions
All experiments were performed with islets isolated from fed male Wistar rats (275-325 g) decapitated 3h after intraperitoneal injection of pilocarpine (20 mg/kg) [16] . Blood was collected from the neck-vessels in 25 of the animals used. Plasma glucose determined by a glucose oxidase method (Beckman Instruments Inc., Fullerton, Calif.) and immunoreactive insulin levels were 127 + 3 mg/dl and 2.2 _+ 0.2 ng/ml, respectively (mean + SEM). The islets were obtained by combining mild collagenase digestion of the gland (5 mg collagenase per pancreas and shaking for 3.5-4 min) and microdissection of the partially digested pieces.
The medium utilized was a Krebs-Ringer bicarbonate buffer, pH 7.4, gassed with O2/CO 2 (94 : 6), with the following ionic composition (mmol/1): NaCI, 118; KC1, 4.8; CaC12, 2.5; MgSO4, 1.2; KH2PO4, 1.2; NaHCO3, 25 and supplemented with 0.5 g/dl/ bovine serum albumin. When not otherwise indicated, it also contained 50mg glucose/dl. When CaCI 2 was omitted or KC1 increased, appropriate changes were made in NaCI to maintain isosmolarity. When CoCI 2 was added, KH2PO 4 was replaced by KC1 to avoid precipitation of cobalt salts. For measurements of 45Ca uptake and glucose utilization, 10 mmol/1 HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid) was added to the medium to prevent any change of pH in the small volumes of solutions used in these experiments.
Measurements of Insulin Release, Glucose Utilization and Rubidium Efflux
The perifusion technique utilized to study the dynamics of insulin release and the method for measurement of immunoreactive insulin (with rat insulin as standard) have been described previously [17] . No experimental modification of the medium interfered with the immunoassay. The technique to monitor the efflux of 86Rb+ (used as tracer of K +) from preloaded islets has been described in detail [20, 21] . In this system complete washout of an extracellular marker, [3H]sucrose, takes about 8 to 10 min. 86Rb+ in the effluent fractions (collected after the 20th min) and remaining in the islets at the end of the experiment was counted by the Cerenkov radiation [21] . For each collection interval the fractional efflux of 86Rb+ (86Rb+ released during the time interval/86Rb + remaining in the tissue during that time interval) was calculated.
Measurements of Calcium Uptake
45Ca 2+ uptake was studied in relation to that of [6,6'-3H] sucrose, which is restricted to the extracellular space of isolated islets [22] . The technique has been simplified since our initial description [17] . Incubations were carried out in polypropylene tubes (vol 0.4ml; Milian Instruments S.A., Geneva) containing 200 ~1 of silicone oil (Versilube F 50). After preincubation, batches of 10 islets were transferred into 50 ~tl medium (2.5 mmol/1 CaC12) layered on silicone oil. The uptake period was started by adding 50 ~tl of medium supplemented with 4SCaC12 (26 mCi/mmol, 0.96 GBq/ mmol) and 1 mmol/1 [6,6'-3H]sucrose (40 mCi/mmol, 1.48 GBq/ mmol) and terminated by centfifugation of the islets through the layer of silicone (10 s at 15,000 rpm in a Microfuge, Beckman). The bottom of the tubes was then cut, the radioactivity contained in the pellet of islets counted and the amount of Ca 2+ taken up by the tissue calculated as described previously [17] . Incubation tubes and media, the composition of which is detailed in the legends to the figures, were always prewarmed at 37~ before starting the experiments. Blanks without islets were run for all experimental conditions and never differed from the background of the counter.
Chemicals
Tolbutamide (flee acid form, batch D105) was kindly supplied by Farbwerke Hoechst, A.G., Frankfurt, Germany. A stock solution of 15 mg/ml in 0.1 mol/1 NaOH was prepared each day and aliquots were added to the test solutions before each experiment. S6RbC1 (0.33 Ci/mmol, 12.2 GBq/mmol), 45CAC12 (1.1 Ci/mmol, 41 GBq/mmol), [6,6' -3H]sucrose (3 Ci/mmol, 111 GBq/mmol) and [5-3H] glucose (1 Ci/mmol, 37 GBq/mmol) were obtained from the Radiochemical Centre, Amersham, Bucks, U.K.; HEPES was from British Drug Houses, Poole, Dorset, U.K.; Versilube F50 was from General Electric Silicones Europe, Bergen op Zoom, Netherlands; Collagenase type IV (200 U/rag) was from Worthington Biochemical Co., Freehold, N.J. All other reagents were of analytical grade and purchased from Merck A.G., Darmstadt, Germany.
Presentation of Results
Results are presented as means + SEM and the statistical significance of differences between experimental groups was assessed by the nonparametric Wilcoxon rank-sum test.
Results
Kinetics of Tolbutamide-stimulated Insulin Release
In the presence of 150mg glucose/all (G 150) 1, 100 ~g tolbutamide/ml (T 100) 1 rapidly augmented the release of insulin stimulated by the sugar in peri- Fig. 3 . Reactivation of tolbutamide stimulation of immunoreactive insulin (IRI) release from rat islets perifused in the presence of 75 mg glucose/dl. Tolbutamide (100 gg/ml) was added to the medium at min 0. In A, it was withdrawn at min 10 and reintroduced at rain 40. In B, tolbutamide remained present throughout, but extracellular Ca 2+ was withdrawn at rain 10 and reintroduced at min 40. In C, tolbutamide remained present throughout, but cobalt (2 mmol/l) was added at min 10 and withdrawn at min 40. Values are means _+ SEM of 5 experiments fused rat islets (Fig. 1) . The effect of the sulphonylurea persisted as long as the drug remained present in the medium and was fully and promtly reversible upon its withdrawal.
The potency of tolbutamide was markedly dependent on the prevailing glucose concentration: T 100 increased insulin release above the effect of glucose alone by 4.64 + 0. cose. The late phase of sustained release seen at G 150 ( Fig. 1) was markedly reduced at G 75 ( Fig. 2  lower panel ) and absent at G 0. In addition, as illustrated by Figure 2 , the pattern of insulin release stimulated by tolbutamide at G 75 was also dependent on the concentration of the sulphonylurea. The maximum rate of release (at min 3-3.5, including 45 sec of dead time) increased with the concentration of tolbutamide (20-500 ~g/ml). By contrast, after 30-40 min, the rate of insulin release was inversely related to the concentration of the drug.
Effect of Theophylline on Tolbutamide-stimulawd Insulin Release
The purpose of the experiments illustrated in the right part of Figure 2 was not to confirm the potentiation by methylxanthines of the immediate releasing effect of tolbutamide [7] , but to investigate whether theophylline could increase the rate of release after it had already declined. It is evident that the increase in insulin release recorded upon addition of theophylline was inversely related to the concentration of tolbutamide, i.e. directly related to the rate of secretion still induced by the sulphonylurea when the methylxanthine was added. Finally, the upper panel of Figure 2 also shows that the late phase of insulin release stimulated by T 20 depends on the presence of extracellular Ca 2+ and that, in absence of this cation, theophylline had a considerably reduced effect.
Reactivation of Tolbutamide Stimulation of Insulin Release
In the experiments shown in Figure 3 , an attempt was made to overcome the delayed inactivation of insulin release produced by tolbutamide. If T 100 was added to the perifusate for 10rain and withdrawn for 30 rain, its readmission stimulated insulin secretion (Fig. 3 A) . When Ca 2+ was removed 10min after stimulation with T100, while the sulphonylurea remained present, its reintroduction in the medium was sufficient to trigger insulin release (Fig. 3 B) . The same effect could be produced without withdrawing extracellular Ca 2+ by temporarily preventing its entry in B cells [17] with cobalt ( Fig. 3 C) . Similar experiments did not change basal insulin release recorded at G 75 in the absence of tolbutamide (not shown).
Effects of Tolbutamide on Potassium-stimulated Insulin Release
At G75, initial stimulation with T100 prevented, almost completely, high K + (48 mmol/1) from inducing insulin release (high K + after T100:0.05 _+ 0.02ng/30min per islet; high K + alone: 1.84 +_ 0.16 ng/30 min per islet; n = 5). Similarly, an initial stimulation with high K + abolished the releasing effect of a subsequent challenge with T 100 (T 100 after high K+: not detectable; T 100 alone: 2.10 + 0.16 ng/30 rain per islet; n = 5). These effects were independent of the amount of insulin released during the first stimulation, since they were also observed in G 0, when the control insulin response to T 100 or 48 mmol/1 K + is markedly reduced.
Effects of Tolbutamide on Glucose-stimulated Insulin Release
The control biphasic release of insulin produced by an increase of the glucose concentration from 75 to 150 mg/dl is shown in Fig. 4 (upper panel). T20 steadily increased the rate of insulin secretion at G 75, accelerated the response to G 150 and potentiated the effect of glucose (23.4 _+ 0.9 ng/60 min per islet vs. 19.0 + 1.1 ng/60 min per islet in controls, P < 0.025). In the presence of T100, the insulin response to glucose was markedly changed (Fig. 4 , lower panel). The rapid phase of secretion was suppressed and the rate of release rose progressively; total insulin release over 60 min was reduced (10.9 + 1.0 ng per islet, P < 0.005) as compared to controls (19.0 + 1.1 ng per islet). By contrast, if the islets were first stimulated with T 100 for only 5 min and then washed, for 25 min, in G 75 alone, a biphasic release of insulin was triggered by G 150 with a rapid phase (min 30.5-36) even higher than in controls (1.07 + 0.06 vs. 0.54 + 0.05 ng per islet, P < 0.005). The delayed inhibition by tolbutamide of the insulin response to glucose could not be overcome by a higher concentration of the sugar (300 mg/dl) and addition of theophylline to G 300 failed to restore a rapid phase of secretion although it normalized the late phase (Fig. 5) .
Effect of Tolbutamide on Glucose Utilization by Islet Cells
As sulphonylureas may not be devoid of metabolic effects in islet cells [6] , glucose utilization was evaluated under the present experimental conditions. After preincubation for 30 rain in G 75 alone or with T 20 or T 100, islets were incubated for 1 h in G 150 alone or with T 20 or T 100 and glucose metabolism was measured. Glucose utilization was not different in controls (87.7 + 2.8 pmol/islet) and in the presence of T 20 (83.2 + 2.5 pmol/islet) or T 100 (80.1 _+ 3.9 pmol/islet) (n = 10).
Effects of Tolbummide on Calcium Uptake by Islet Cells
The kinetics of calcium influx in islet cells in response to tolbutamide was estimated by measuring 45Ca uptake over periods of 2 min, at different times after addition of the sulphonylurea to the islets. T 100 stimulated calcium influx maximally during the first 2 minutes of presence of the drug; the effect declined later, but remained significantly higher than in controls even after 30 min (Fig. 6, upper panel) . The immediate and late effects of tolbutamide (20-500 ~tg/ml) on calcium uptake are compared in the lower panel of Figure 6 . The amount of calcium taken up by islet cells during the first 2 rain of tolbutamide stimulation increased with the concentration of the sulphonylurea. By contrast, after 30 min, 
Effect of Tolbutamide on Glucose-stimulated Calcium Uptake by Islet Cells
Calcium uptake was measured during the first 5 min (rain 30-35) of exposure to G 150 and compared to the uptake recorded at G 75, in control islets (G 75 alone from min 0-30)and in islets initially incubated for 30 rain in G 75 with T 20 or 100. As compared to G 75, G 150 augmented calcium uptake by 110% in TO, 62% in T20 and 28% in T 100 (Fig. 7) . The relative effect of G 150 was thus decreased by increasing concentrations of tolbutamide. The total amount of calcium taken up by the islets in G 150 + T 20 was, however, higher than in controls at G 150 alone (P < 0.001) whereas, at G 150 + T 100, it was not different from controls.
Effect of Tolbutamide on 8~ Efflux from Islet Cells
At G 75, T 100 reversibly reduced 86Rb+ efflux from preloaded islets (Fig. 8) . At G 150, the rate of efflux was lower and addition of T 100 produced a transient increase in 86Rb+ efflux; no effect was seen upon Fig. 9 . Effect of tolbutamide on glucose inhibition of 86Rb+ efflux from perifused rat islets. The glucose concentration was increased from 50 to 300 mg/dl between min 60 and 80. In one series of experiments (O--It) tolbutamide (100 ~tg/ml) was also present in the medium from min 40 to 80. Effluent fractions were collected at intervals of 1 min. Values are means + SEM of 4 experiments withdrawal of the sulphonylurea at this glucose concentration.
As shown in Figure 9 , the fractional efflux of 86Rb+ declined slowly at G 50 and was markedly and reversibly reduced by G 300. Addition of T 100 to G 50 decreased and stabilized the efflux rate and did not prevent G300 from reducing it further. It is noteworthy that the first significant change in efflux was recorded i min earlier with T100 than with G 300.
Discussion
It has been reported that sulphonylureas do not penetrate B cells, but reversibly bind to the plasma membrane [23, 24] . They produce permanent depolarization of B cells and induce continuous electrical activity [25, 26] ; both are reversible upon withdrawal of tolbutamide (H.P. Meissner, personal communication). The present results show that tolbutamide reduces 86Rb+ efflux from islet cells and suggest therefore that, like glucose [21], the sulphonylurea depolarizes B cells by reducing their potassium permeability. It is likely, however, that this is not the sole modification of ionic fluxes by which the drug decreases the membrane potential. A permanent depolarization of B cells, as produced by tolbutamide, is seen only at high glucose concentrations [27] which reduce the potassium permeability more strongly than does the sulphonylurea (Fig. 9) . Moreover, the characteristics of the electrical activity produced by sulphonylureas and by glucose differ [25, 26] .
The requirement of extracellular Ca 2+ for tolbutamide to stimulate insulin release is well established [28] . Blockade of calcium channels by D 600 inhibits the releasing effect [29] of sulphonylureas, which have been shown to increase Ca 2+ uptake by islet cells after long (90-120 min) incubation periods [30, 31] . The present experiments demonstrate that tolbutamide stimulates Ca 2+ influx in islet cells (the 2-min uptake being representative mainly of the inward movement of the cation). Two important features of this stimulation of Ca 2+ influx by tolbutamide deserve particular attention, because they also characterize the releasing effect of the drug: 1) it is maximal immediately after addition of tolbutamide and then diminishes with time; 2) it is directly dosedependent during the first minutes of exposure to tolbutamide but later becomes inversely dose-dependent. Like potassium depolarization (J. C. Henquin, unpublished work), the depolarization produced by tolbutamide appears to increase the permeability of voltage-dependent calcium channels in the B cell membrane. As in squid axons [32] , this initial activation is followed by a progressive inactivation of the channels, making the increase in Ca 2+ influx only transient. Repolarization of B cells (by withdrawal of tolbutamide) or temporary displacement of calcium from the channel (by omission of the cation or addition of its antagonist, cobalt) reactivate the calcium channels in B cells and in axons [32] , and restore the releasing properties of tolbutamide. It is unlikely that reactivation of the calcium channels results from a reduction in tolbutamide binding, since binding of sulphonylureas to islet cells is unaffected by Ca 2+ omission from a salt-balanced medium [33] . It seems rather that calcium itself, together with depolarization, is involved in the inactivation of the Ca 2+ uptake mechanism [34] ; involvement of Ca 2+ in the depolarizing effect of tolbutamide is also possible. These observations combined with the striking parallelism between the patterns of Ca 2+ influx and insulin release in response to tolbutamide provide good evidence that the classical monophasic release of insulin triggered by high concentrations of the drug, at low glucose, is due to a monophasic entry of Ca 2+ into B cells.
The present data cannot rule out that tolbutamide produces a subtle impairment of glucose recognition by islet cells. It seems plausible, however, that the effects of tolbutamide on glucose-stimulated insulin release are linked to the changes in Ca 2+ permeability that the drug produces in B cells. At low concentrations, tolbutamide does not inactivate calcium channels and glucose remains able to increase Ca 2+ influx sufficiently to trigger a rapid release of insulin. In the presence of high concentrations of tolbutamide, glucose is no longer able to augment the permeability of calcium channels enough to induce the normal biphasic release of insulin. If B cells were repolarized by withdrawal of tolbutamide, glucose evoked a biphasic insulin response. In contrast, addition of theophylline to glucose normalized only the late phase of secretion, but did not restore the missing first phase. Such a differential effect of the methylxanthine on the two phases of secretion is also observed when glucose stimulation is inhibited by calcium omission or by blockade of calcium entry with D 600 [35] . This similarity provides additional support to the proposal that the rapid releasing effect of glucose is altered after exposure of the islets to a high concentration of tolbutamide because the drug has reduced the calcium permeability of the B cell membrane.
The suggestion that cyclic-AMP is involved in the stimulation of insulin release by sulphonylureas is based on the evidence that these drugs transiently increase cyclic-AMP levels in islet cells [36, 37] by stimulating adenylate cyclase [16] or inhibiting phosphodiesterase [38, 39] , two observations made in homogenates of islet cells. In the present experiments, inhibition of the phosphodiesterase by theophylline was able to increase the rate of insulin release when the stimulating effect of tolbutamide had declined. This potentiation was inversely related to the concentration of sulphonylurea, markedly dependent on the availability of extracellular calcium and directly related to the actual Ca 2+ influx. It is therefore unlikely that the inhibition of phosphodiesterase (if it occurs in intact islet cells) is of major importance for the releasing effect of tolbutamide. Moreover, the observation that sulphonylureas do not increase cyclic-AMP levels in islet cells when extracellular calcium has been omitted [37] raises the possibility that the increase in cellular cyclic-AMP levels is secondary to the changes in calcium influx.
Impressive similarities exist between the effects of tolbutamide and high potassium [34, 40] on the pancreatic B cell and, as recently underlined also on the A cell [8] . Both depolarize B cells permanently but induce only a transient increase in calcium influx and short-lived release, and inhibit the rapid secretion of insulin in response to a subsequent glucose stimulation. Furthermore, stimulation by one of these agents suppresses the insulin response to a subsequent stimulation by the other. On the basis of available data, mentioned above, and of the present experiments, it is suggested that, at low glucose concentrations, tolbutamide stimulates insulin release by the following simple mechanism. Binding of the drug to the membrane depolarizes B cells, partially by reducing the potassium permeability. This fall in membrane potential activates voltage-dependent calcium channels and secondarily inactivates them slowly, at a rate and to an extent which depend on the concentration of the drug. In response to high concentrations of tolbutamide, the phasic increase in calcium permeability results in a transient influx of the ion, which triggers the monophasic release of insulin. The delayed reduction in calcium permeability may also explain the refractoriness of B cells to a subsequent glucose stimulation. The basis of the interaction between glucose and tolbutamide, not investigated here, remains, however, to be clarified. In particular, it is not clear why neither tolbutamide, nor high potassium [40] produced a delayed inhibition of insulin release when added with or after a stimulating concentration of glucose.
It may be hazardous to correlate in vitro findings with observations made in vivo. Nevertheless, the concentrations of tolbutamide from 20 to 100 btg/ml, usually used in this study, cover the range in treated patients [41] , even if the proportion of free sulphonylurea may be somewhat lower in vivo because of a higher binding to plasma proteins. There is no evident reason to believe that the mechanism by which tolbutamide acutely stimulates insulin release in vivo is different from that proposed above. It is less certain whether the present demonstration of a delayed inhibition of insulin release by tolbutamide provides the sole explanation for the surprising decreased responsiveness of the islets after long-term treatment of animals with sulphonylureas [13] [14] [15] .
